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ABSTRACT: This article reports on the oxidation of 100 nm-thick vanadium layers achieved by
sputtering glancing-angle deposition on silicon, with opposite oblique columns creating a zigzag
morphology, using a small overpressure continuous flow of air and an infrared lamps furnace. In
addition, the study focuses on the stepwise investigation of the nanostructure and the layer’s
oxidation progress by electron microscopy, verifying a monotonic incorporation of oxygen with
time, which results in a linear rise of the VOx overlayer volumes. This characterization is correlated
with Raman spectra fast collected in a wide wavelength range. In consequence, we claim a
methodology based on the relative intensities of such Raman bands to track the kinetic dynamics
of these systems, evidencing the participation of three main phases: VO2(M) alone or mixed either
with V or V20s. For the optimum conditions, high-quality vanadium dioxide layers are achieved,
attending to their nanostructure and outstanding optical response (over 90% of relative
transmittance modulation at a wavelength of 3000 nm). Vis-NIR spectrophotometry and Raman
spectroscopy, both at variable temperature, allow exploring the different thermochromic

characteristics of the samples at different oxidation stages.



1. Introduction

Monoclinic (M) vanadium dioxide (VO,) is receiving an increasing attention due to its
thermochromic characteristics implying a reversible phase transition with temperature
accompanied by abrupt changes not only at the structural level but on its optical, thermal,
mechanical and electrical performances. Two types of platforms are being researched for this
compound: Transparent substrates on the one side (i.e., glass, sapphire, quartz, ITO, polymers...)
and opaque substrates on the other. The first group mainly focuses on maximizing optical and
thermochromic performances in the regions coincident with the solar spectrum activity for smart
windows (probably the most investigated application of this material), and other usages as in
ultrafast optical switches. When the visible light transmission is not an important issue, many
other uses are envisaged for VO2(M), with silicon substrates often being the most preferred
templates, since there is a vast know-how on its industrial manufacture, its availability as a large-
scale support and, in many cases, its electronics or photonics characteristics give additional
advantages to the foreseen VO:-based devices. In addition, the bistability and width of the
implicit hysteresis of different dioxide systems have been highlighted as key features to improve
the reproducibility of operational modes in thermotronics (switching, memory, logical
operations, etc.)!. Some recent examples of applications of monoclinic VO layers on Si
platforms are optical memories?, smart radiators®, electrical switches and sensors*®, optical
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modulators, limiters or switches®!? or infrared photodetectors'!.

On the other hand, the dioxide is not the easiest vanadium oxide to synthesize. Due to the
complex chemistry of vanadium, mainly promoted by its numerous available valence states,
there are multiple stoichiometries and/or polymorphs that are more thermodynamically

favorable. Therefore, only a constricted combination of reaction conditions allows achieving



pure monoclinic VO by different strategies, which comprise the reduction of V,0s, the
oxidation of V, or the direct deposition of this dioxide, often combined with further annealing in
vacuum or other controlled atmospheres. The challenging approaches to reach high-quality VO»
coatings mostly involve complex or expensive methods (hydrothermal or chemical routes, sol-
gel, electron-beam evaporation, pulsed-laser or chemical-vapor depositions...) that employ high
vacuum, special reactive, multiple steps with long processing times, very small substrates, etc.
Besides the wafer-scale growth of VO, on sapphire'?, there is a lack of methods to reach large-
scale VO surfaces on silicon, and we believe that the physical vapor deposition is a feasible,
relatively simple, and low-cost way to reach industrial scalability. In this context, our group has
been developing and improving an original and effective two-step approach to attain VO2(M)/Si:
In a first step, porous films of V nanostructures are sputtered by GLancing Angle Deposition
(GLAD) and later, they are submitted to a fast but finely controlled thermal treatment in air
atmosphere'®. Based on this patented methodology of oxidation to achieve VO in open tube
reactors, of either free-standing V powders'* or thin films of slanted V columns on Si'> or
glass'S, we have used this time, for the purpose of reproducibility, scalability and simplicity, a
precursor of two sublayers of opposite oblique V nanocolumns forming a film on silicon, to be
annealed in a continuous flow of air using heating lamps, and attain high-quality VO; coatings
with exceptional optical performances. By tracking the oxidation stages associated to different
reaction times, the optimal conditions for VO2(M) synthesis can be found, allowing to establish
correspondences between grains nanostructure and topography with the right bands in Raman

spectra as well as with the resulting optical and thermochromic features.



2. Materials and Methods

Layers of GLAD vanadium nanocolums (one zigzag period) were deposited in a home-made
magnetron sputtering chamber at angles of 85° on Si, with the same conditions to those reported
elsewhere!>!>. A MILA 5000 rapid thermal annealing system (from ULVAC GmbH), an inner
continuous flow of 10 I/min of compressed air, and similar heating (40°C/s) and cooling (-
10°C/s) ramps than those used for our previous trials on silicon, were chosen to oxidize, at a
moderate temperature of 475°C, a group of the described V-GLAD samples. These changes were
motivated since (1) the zigzag geometry provides a more balanced gradient of porosity to the V-
GLAD film by compensating the directional preferred shadowing effects of nanocolums, making
them more homogeneous; (i1) infrared lamps allow to automatize the required high heating rates
that were previously manually achieved by trained operators in a resistance furnace reactor at the
same time while ensuring a larger uniform reaction surface till 20mm x 20mm; and (iii) the small
but continuous air overpressure avoids the exhaustion of O in the surrounding oxidative
atmosphere, that might happen in calm air into open tubes. The specimens are named with the

number of seconds that they were oxidized in the plateau of higher temperature.

The samples were studied by Scanning Electron Microscopy (SEM) and prepared for
Transmission Electron Microscopy (TEM) by Focused-lon Beams (FIB) in a Thermo Scientific
Scios 2 DualBeam equipment. TEM experiments were carried out in a FEI Talos F200X system.
Raman spectra were acquired in a LabRAM HR Evolution (Horiba Scientific) microscope, using
a 532 nm excitation laser source, 20s of integration time, 10 averaged spectra, 10% of neutral
filter power, x100 objective lens and a measurement wavenumber interval of 100-900 cm™. In
order to compare the 612 cm™! exclusive band of VO at variable temperatures, a non-focalized

80 microns spot of a 473 nm laser wavelength was used to scan the 540—680 cm™! interval, using



100% of neutral filter, 30s of integration time, 10 averaged spectra and x50 objective lens. The
thermochromic optical behaviors of the prepared monoclinic VO;-based films were determined
by transmittance spectroscopy using a PerkinElmer Lambda 900 UV/VIS/NIR Spectrometer
equipped with a THMS600 Linkam stage for temperature control. UV-Vis-NIR spectra were
recorded in the wavelength range of 180—3300 nm at 25 and 100°C. For the monitoring of the
thermally induced phase transition, the transmittance at A=3000 nm was observed in controlled

rates of 5°C/min for heating and -1°C/min for cooling.

3. Results and discussion

There is a clear evolution of the nanostructures formed on the surface and along the layers upon
oxidation, as confirmed by a rapid sight of Figure 1. This illustrates pairs of plain-view SEM
(PVSEM: above) and cross-section TEM (XTEM: bellow) micrographs for the same samples.
Note that the zigzag structure is evidenced for the less oxidized layers when visualized
perpendicularly to the sputtering atomic flux (TEM of 1s and 5s) and their topographic
characteristics are proper of the GLAD structure (see the SEM of the non-oxidized Os sample to
prove this), but a small cover of oxidized vanadium starts to be visible over them. Nevertheless,
a top layer of vanadium oxide grains forms and seals more clearly the V in the process range
from 30 to 150 s, while the underneath layer is being more and more consumed at the cost of
new VOx grains generation and coarsening. This demonstrates that, despite using a different
reaction system (flash lamp heating), oxidation progresses in a similar way to our previous
studies', i.e., from the surface of the coating towards the interface with the substrate. In the
SEM series from 30 to 240s, grains are equiaxial and have an increasing diameter with time from
units to tens of nanometers, till they coalesce, and later start to lose their roundness and turn to be

more and more textured, while growing, at the 270 to 520s series. It is also observed that the



development of such nanostructures lead to the appearance of sizeable intergranular voids. A
fully corresponding picture of the PVSEM images is found in the associated XTEM

micrographs.

Figure 1. Top view SEM pictures of 500nm side, and lateral TEM images with yellow bars of

100 nm.

Furthermore, high-resolution and selected-area diffraction experiments were conducted for most

of these TEM preparations in singular regions. The buried layers, when present (1 to 150 s),



apparently from metallic V, are partially amorphous and present oxygen diffusion hints from the
beginning (from 1s), and their porosity is fully filled soon with trace crystalline nanodomains
(from 5s). In the top sublayers, where grains are always crystalline, basically VO2(M) is found
from 30 to 240 s. Although other species as VsO13 and V203 were not found, they are not
disregarded in residual amounts, considering previous studies'>. In addition, from 240 to 520 s,
V1,05 polygonal grains often containing planar defects, start to be more and more predominant
while VO3 is diminishing. The kinetics of this oxidation can be estimated when observing how
the thickness of the sum of reacted sublayers increases. Figure 2(a) shows that there is a trend in
the measure of this characteristic with respect to the oxidation time, that can be fitted linearly
with R?=0.95. This agrees with ancient studies that claim that oxidation of V is linear or
parabolic and that VO, and V,Os are the dominant developed phases'’. Figures 2(b) and (c)
show overview XTEM micrographs of samples 1s and 180s to demonstrate their high
homogeneities and thickness invariability. Figure 2(d) displays a panoramic PVSEM of the 180s
sample on the same purpose, where a regular topography of pseudo-spherical grains proper of

equiaxial nanostructures are evident for a polycrystalline VO2(M) coating.
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Figure 2. (a) Plot of the overlayer thickness with respect to the reaction time; (b) XTEM
micrograph of sample 1s; (¢) XTEM micrograph of sample 180s; (d) PVSEM image of sample

180s.

This demonstrates that the originally porous vanadium boomerang-like nanostructure (Figure
2(b)) is an efficient format for a gradual reaction due to its high surface-to-volume ratio.
However, the fully consumed V is also able to keep on incorporating O with a similar velocity
when vanadium dioxide is present till it collapses to the pentoxide phase with the maximum
possible content of oxygen. This is certainly a cleaner scenario than the progress of freestanding

1418 which demonstrated the appearance of

or supported V nanostructures reactivity in open air
additional phases different to VO, and V205 (i. e. V1603, VO, V203, V6O13), and even a

competence of oxidative and reductive effects for the nanoparticle arrangements. Indeed, in our



recently reported method to oxidize V-GLAD slanted single columns in calm air into an open-
tube inside a SiC resistance oven, and specifically for 100 nm films, the best sample in terms of
higher VO> content was achieved at 475°C for 60s'>. By using the same heating and cooling
rates, for the present conditions, the time of permanence must be kept thrice than the previous
trials to reach the maximum content of VO, but note that this is still a remarkable short
processing time with respect the rest of attempts on the same purpose'®?°. The hypothesis to
explain this slower reaction is that the porous V zigzag is slightly more sealed than the V single-
columns opener structure. Nevertheless, as mentioned, there are intrinsic benefits in this new

procedure, as better thickness stability, bigger processed areas, and operation simplicity.

These findings found a strong correlation with the Raman spectroscopy tracking of the same
samples (Figure 3). In order to follow the reactions, step by step, the height of the exclusive
VO,(M) band at 223 cm’! was normalized (to unity) for all spectra. One second of oxidation
provides a noisy signal and a clearer band linked to the substrate, but the Si associated band
intensity increases gradually up to very exaggerated, from the moment that VO2(M) clearly
appears (5s), till firstly vanadium is fully spent (150—180s), and later a V2Os minority starts to
appear (180-260s). This is explained by the fact that the film becomes increasingly transparent
(the pentoxide is more transparent to light than the dioxide at the laser wavelength), with more
photons reaching the substrate. However, it must also be considered that as oxidation progresses,
it has also been shown that the overall thickness of the coating increases, so that the increase in
this signal is not entirely proportional to oxidation progress (the greater the thickness, the lower
the signal from the substrate). Thus, the use of this signal to normalize a spectrum is not
recommended. As can be seen, between 5—150 s, VO2(M) Raman bands are observed

exclusively, which become increasingly more intense. In agreement with the XTEM
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observations, this would be associated with a progressive increase in the VO» volumes as the
remaining reacting V (without Raman signal) buried material is consumed. The onset indicating
that the pentoxide starts to dominate more and more in its relative amount with respect to the
dioxide is marked when fingerprints of Si (521 cm™) and the most intense V205 band (144 cm™)
that coincides in position with a weak (less than unit) VO2(M) band, firstly equalize and later
progress together from one of two orders of magnitude higher than the VO2(M) reference band.
In conclusion, the early appearance of V2Os dominant signal (see two measurements of the 180s
in different locations) marks the moment when VO2(M) is in its maximum amount and only can

progress to other phases by being consumed, as subsequent optical measurements also prove.
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Figure 3. Raman spectra of samples useful for tracking the oxidation of V zigzag coatings on Si.
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All the above suggests that the stronger thermochromic behavior (this means the maximum
content of monoclinic VO») would be achieved when traces of V>Os are present (in the 180s
sample the more intense pentoxide band is in the same level than normalized dioxide band). It
should also be highlighted that many bands of the dioxide compound are concurrent with those
of other vanadium oxides, for example, those at 144 and 193 cm™! are coincident with bands of
V205%!. In addition, the other VO fingerprint band at 612 cm™ was registered at different
temperatures for specimen 180s, as shown in Figure 4(a) and (b) for the heating and cooling
cycles, respectively. The intensity of this peak showed to be principal so it is the most
appropriate for signal comparisons in order to plot the thermochromic phase transition??. The

integral values of these Raman bands were represented and fitted to sigmoidal lines in Figure

4(c) showing the typical VO2(M) associated hysteresis, while the derivatives of these lines (inset

in this figure) show the exact transition temperatures for heating (T¢m)=68°C) and cooling
(Tecy=44°C), which are indeed typical of pure VO2(M). In addition, the difference of these Tc

values indicates the structural (Raman) hysteresis width of Wy=24°C.
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Figure 4. Raman spectra recorded for sample 180s at multiple temperatures between 25 and 100
°C during consecutive (a) heating and(b) cooling cycles. (¢) Thermal evolution of the intensity of
the VO2(M) Raman band at 612 cm™ during heating (red) and cooling (blue) cycles. The inset
shows the derivative of each kinetic thermochromic cycle (the derivative of the cooling is plotted

in absolute values).

The fact that 180s is the optimal specimen is also demonstrated by variable temperature Vis-NIR
transmittance measurements. Figure 5(a) shows the transmittance spectra of some specimens
selected with the purpose of displaying distinctive behaviors at temperatures below and above
the switching one, in addition to their kinetics plots of transmittance levels when varying
temperatures (consecutive heating and cooling cycles) at a fixed wavelength of 3000 nm, which

are presented in Figure 5(b).

Note that at any temperature the Si is opaque till about 1 um, and over this value, it abruptly
should let almost 50% of radiation pass through®?. From the analysis of Figure 5, it is concluded

that while samples annealed less than 180s present a near-zero transmittance at 100°C, which
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could mean that either the only optically active phase is VO2(R) or that the film is still highly
reflective due to unreacted V, the transmittances at 25°C above 1 um suddenly stays in a
relatively constant value that progressively increases as the oxidation time is higher. For 180s of
optimal oxidation (in terms of VO, yield), the absolute NIR thermal modulation reaches more
than 40% as those reported for high-quality VO, layers on Si*°. This is because the quantity of
dioxide maximizes at the cost of V consumption and lets the system transmit in a similar way
than substrates. On the contrary, when V metal forms part of the mix (i.e., 30s and 120s), an
additional blockage of the transmittance at the lower temperature occurs beyond the base effect
already imposed by Si. For this reason, the less oxidized sample shows a low transmittance, and
the middle oxidized one shows an intermediate transmittance. Obviously, this event negatively
affects the thermal modulation capacity of the coatings in the NIR (lower VO2(M) yields), which

does not exceed 7 and 25%, respectively.
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Figure 5. Vis-NIR optical measurements performed on 30s, 120s, 180s, 250s, and 400s samples.
(a) Transmittance spectra recorded at 25°C (solid lines) and 100°C (dashed lines) for selected
samples. (b) Thermal evolution of the optical transmittance at 3000 nm recorded during

consecutive heating (solid lines) and cooling (dashed lines) cycles for selected samples.

For overoxidized coatings, when a minority or majority of V,0Os is present together with the rest
of VO, respectively, a more remarkable (250s) or slight (400s) thermochromic effect is still
appreciable, which in turn translates into progressive increases in NIR transmittances at high and
low temperatures with respect to those observed in VO2(+V) coatings. The cause of this
transmittance intensification, sometimes even higher than that of the bare silicon substrate, can
be associated with the combined effect of the higher intrinsic transparency of the pentoxide
phase compared to that of the VO2(R), as well as the antireflective effect that it stimulates on the
Si surface, due to the particular plate-like and open (voided) structures formed on these latter

samples promoting a high overall porosity?’. Table 1 collects the maximum and minimum
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transmittance percentages of each sample for 3000 nm at the higher and lower temperature,
respectively, together with the value of relative transmittance of the VO»-based coatings, which
is indicative of their qualities and performances. Note that the relative NIR modulation of sample
180s is over 90%, and this is an outstanding value indicating the dioxide purity, a value that we

had not reached in our previous studies and not many authors claimed.

It is also remarkable the fact that the VO2(M) phase transition temperatures vary as a function of
the oxidation time, and this can be concluded visually in Figure 5(b), but a derivative analysis of
the main features of the thermochromic hysteresis loops, similar to that shown in Figure 4(c),
allows to quantify these differences (presented in Table 1). Note that some of these peaks at
heating or cooling better fitted to a double Gaussian, and the differences of the T. values, let also
calculate the hysteresis widths (Wg). It is possible to conclude that as V layers are more and
more oxidized, values of T¢ increase at heating and decrease at cooling, having the consequence
that Wy dimensions amplify with greater reaction times. The hysteresis width can be a key
feature for some applications, for example, in optical storage-type devices, which require the
widest possible hysteresis (>15°C) to operate reliably**. Likewise, longer oxidation times lead to
increasingly asymmetric hysteresis loops, which are especially reflected in the cooling stage. As
can be seen in Figure 5(b), the higher the VO> content, the sharper the transition during the
heating. However, it has been reported that structural and/or compositional heterogeneities can
act by slowing down the VO2(R) to VO2(M) transition, resulting in the development of wide and
asymmetric hysteresis loops!®*27. These assumptions would explain the observed
thermochromic behaviors in line with electron microscopy and Raman spectroscopy findings.
Comparing the values of T. and Wy extracted from the Raman and transmittance hysteresis of

sample 180s, it seems that having a similar range of temperature activity, the optical
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intermittence is about 10°C wider than the structural phase change one. Moreover, the optical
MIT (metal to insulator) transition is activated (on heating) about 6°C above the structural one,

which is fine in agreement with the observation of this effect in earlier studies'?.

Table 1. Main features of the thermochromic hysteresis loops shown in Figure 5: Tmax, and Tmin
denote the A=3000 nm transmittances at 25°C and 100°C; AT, is the relative decrease in the
transmittance upon the transition at that wavelength; Tcm1) and Tem2) denote the temperatures of
the MIT for heating; Te(c1) and T¢(c2) indicate the temperatures of the MIT for cooling; W1 and
W2 are the hysteresis loop widths given by Ty — Tecry and Temz) — Tec2), respectively.

Accuracy of the temperature and transmittance values are +0.5°C and £ 0.1%, respectively.

Te (°C) Te (°C) W

T max Tmin ATrel Heating COOling 0 .

Sample (%) | (%) | (%) | *Main peak | *Main peak C)
H1 | H2 | C1 C2 1 2
30s 9.9 35 | 64.6 53 | 65%* 49 4 16
120s 277 | 4.2 | 84.8 57 | 68% | 53 46* 4 22
180s 45.3 44 | 90.3 74 56 | 41* 18 33
250s 46.1 | 25.3 | 45.1 74 58 | 41* 16 33
400s 57.0 | 529 | 7.2 75 ‘ 81*% | 57 | 37* 18 44

4. Conclusions

A porous 100 nm-thick film of V nano-boomerangs on silicon achieved by a two-step glancing
angle sputtering deposition turns into a 50% thicker compact polycrystalline film of coalesced
round monoclinic VO» grains when exposed to a compressed air current at 475°C for 3 minutes

after fast heating with infrared lamps and further cooling with air flow and switched off lamps.
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This almost pure vanadium dioxide layer shows outstanding optical properties when the
transmittances are measured at different temperatures, consisting in a relative infrared
modulation (at 3000 nm) over 90%, near-zero NIR transmittances at temperatures above its
T=74°C at heating and T.=41°C at cooling, and an asymmetric hysteresis loop with a maximum
width of 33°C. Many precursor V-OAD/Si specimens were heat treated at the same temperature
and different times for tracing the kinetics of oxidation. The progress of nanostructures shown by
SEM/TEM microscopies and of Raman spectroscopy bands finds such a good agreement, that
both follow-ups can be used to decide the best moment for achieving the maximum quantity of
VO2(M): the beginning of lack of roundness in the previously coarsened grains and the faint

appearance of V20s peaks.
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